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Abstract 
Since the demands for lowering the burdens on the environment will continue to grow steadily, understanding of pollutant emission 
characteristics becomes more and more important to minimize environmental disruption. These pollutant emission conditions 
cannot be estimated in real-time using conventional mass-based methods because of their low concentrations in air or exhaust gases. 
Therefore, new evaluation criteria are required for better understanding of their characteristics. In this study, the laser breakdown 
time-of-flight mass spectrometry was developed and applied to hydrocarbons to detect the elemental composition of gas phase 
materials. The laser wavelength dependence of this method was evaluated using 1064 and 266 nm laser outputs. Signals from 
fragments of hydrocarbons appeared using 266nm. On the other hand, it was found that the mass spectra of atoms can be detected 
using the 1064nm laser breakdown process without intermediate fragment signals. This feature is important to detect atomic signals 
of the measured materials without the interference of fragmentations. The pressure effect was also evaluated to enhance the 
detection limit. The higher pressure tends to induce the higher atomic signals. The detection limit can easily reach to ppb or less. 
The signal intensity was proportional to the concentration of hydrocarbons introduced. The method was applied to various 
hydrocarbons and the breakdown characteristics of these molecules were taken for the quantitative analysis. Compared with 
conventional measurements, this method has a lot of merits of the simple signal analysis, real-time and sensitive detection features. 
The method can cover various industrial applications including the exhaust analysis of combustors, environmental monitoring of air, 
and plant monitoring for safety and security. 
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
Recent years have already seen tighter regulation on harmful substances such as NOx, CO, heavy metals, particles, 
and environmental hormones from cars as well as several types of commercial plant emissions. Nowadays super fine 
particles are getting a lot of attention associated with nano-technologies[1,2]. Such small-size particles can easily enter 
into the human body and often settle in the lungs and deeper areas, and are suspected to cause various diseases. Nano-
size particles in the atmosphere are mainly produced by the combustion of fossil fuels such as in engines, and 
artificially-nanostructured supermolecules will be produced intensively as high-function materials. Further, the 
demands for lowering the burdens on the environment will continue to grow steadily. It is thus becoming more 
important to understand the emission characteristics to minimize environmental disruption and to improve the 
efficiency of industrial machinery and plant processes.  
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Laser diagnostics has attracted a great attention in various industries because of the non-contact, fast response, and 
multi-dimensional features, such as Laser-induced fluorescence (LIF), Tunable diode laser absorption spectroscopy 
(TDLAS), Laser-induced breakdown spectroscopy (LIBS) and Time-of-flight mass spectrometry (TOFMS), etc. 
Among them laser-induced breakdown spectroscopy (LIBS) is an analytical detection technique based on atomic 
emission spectroscopy to measure elemental composition. With the development of laser and detection systems, LIBS 
has been applied in various fields, including combustion, metallurgy, foods and human [3-6], etc. Especially, the 
advantages of the method are its applicability to various fields such as combustion, metallurgy, and the harsh 
environment. However, LIBS applicability cannot reach the trace species detection needs because of its detection limit. 
Laser Ionization Time-of-Flight Mass Spectrometry (LI-TOFMS) is an appealing technique for quantitative analysis 
of atom and molecule with the features of increased sensitivity and rapid analysis. The detection limit of measured 
species using TOFMS is often ppb or less. TOFMS has been applied to measure hydrocarbons and nanoparticle 
constituents with low concentration range of ppb - ppt [7-11], as well as waste disposal and treatment plant [12,13].  
Considering the features of TOFMS, the combined method of laser breakdown and TOFMS becomes an attractive tool 
for the trace elemental composition measurement [11]. In this method the laser is introduced to break down and ionize 
the measured species to detect atomic ion signals using TOFMS and the fragmentation of molecules and atomic ion 
signal intensity are the important factors for the sensitive measurement. In order to eliminate or minimize the 
interference of fragmentation of molecules especially hydrocarbons to detection of elemental composition, laser 
wavelength and pressure dependences of laser breakdown time-of-flight mass spectrometry were analyzed using 
different hydrocarbons. 
2. Theory 
In LIBS process, a laser beam is focused onto a small area, producing hot plasma. The material contained in plasma 
is atomized, and light is emitted corresponding to a unique wavelength for each element. A detector records the 
emission signals from excited atomic and ionic species. In the generation of LIBS plasma, the core of plasma is firstly 
produced by absorption of incident laser energy, such as multiphoton ionization. The creation of the plasma core 
induces the rapid growth of plasma through the absorption of the laser light by electrons and the electron impact 
ionization process in it. After the termination of the laser pulse, the plasma continues expanding because of its high 
temperature and pressure gradients comparing with ambient conditions. At the same time, recombination of electrons 
and ions proceeds and temperature decreases gradually compared to the plasma generation process. LIBS signals arise 
in this plasma cooling period. The main background noise of LIBS is the black-body-like emission from plasma itself. 
The noise emission signal usually limits the enhancement of its sensitivity. Compared to LIBS, laser breakdown 
TOFMS breaks down and ionizes the material at low pressure (usually below 1 Pa) and detects the ion signals using 
TOFMS. Because of the low pressure condition the electron impact ionization process becomes less important in laser 
breakdown TOFMS compared to LIBS. The major noise in this method is fragment ion signals from the material and 
the interference of fragment ion signals with target atomic ion signals becomes important parameter.  
In TOFMS system, a measurement sample is introduced into a vacuum chamber and it is atomized and ionized by 
laser irradiation. The electric field potential is simultaneously applied for acceleration of ions. The accelerated ions 
enter the drift region with no potential difference and undergo uniform motion. Differing from the emission detection 
of LIBS, an ion detector records the signals of ionized species and ion counter takes over to digitize and display the 
results. Due to the law of energy conservation,  electric field potential is equivalent to their kinetic energy. 
The following formula is established by the energy conservation law [14]: 
2
2
m LzV
t
   (1)  
In the above expression, z is the ionic valence, V is the acceleration electric field potential, m is the ion mass, L is 
the ion distance of flight, t is the time of flight. TOFMS distinguishes the ions of different atoms or molecules based 
on their arrival time to ion detector. The following relationship between the ion mass and the time of flight can be 
expressed from Eq. (1).  
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3. Experimental 
The schematic diagram of the experimental apparatus in this study is shown in Fig.1, consisting of standard gases, 
nanosecond lasers, jet chamber, test chamber, flight chamber, ion detector and auxiliary equipment[11]. Three 
nanosecond lasers employed are pulse energy Nd:YAG lasers (Quantel Brilliant b; 10Hz and Quanta-Ray Pro; 10Hz) 
operating at fundamental radiation 1064nm with different pulse energy and a Nd:YAG laser (LS-2137U, 10Hz) 
operating at fourth harmonic 266nm. The temperature of gas inlet and outlet pipes was controlled at 150 . There are 
two turbo pumps (Pfeiffer vacuum, MVP 055-3) belonging to test chamber and flight chamber respectively. The 
pressures in the jet, test, and flight chambers were monitored as experimental conditions. 
In this system, several hydrocarbons were measured under different conditions. The influence of 1064nm and 
266nm breakdown was examined using a mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and 
C6H3(CH3)3. The method of laser breakdown time-of-flight mass spectrometry using wavelength 1064nm was also 
applied to various hydrocarbons, including C2H4, C2H6, C3H8, n-C4H10 and p-C8H10. In order to examine the detailed 
breakdown characteristics, p-C8H10 was measured under different laser power and pressure conditions. Diluent gas N2 
was used to detect the concentration dependence of hydrocarbons introduced to this system.  
 
 
 
Fig.1. Experimental setup of laser breakdown TOFMS.  
4. Results and discussion 
4.1. Influence of fragments using 1064nm and 266nm laser breakdown processes 
For the purpose of detecting elemental composition of gas phase materials, laser breakdown time-of-flight mass 
spectrometry was applied to the mixture of hydrocarbons, p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and 
C6H3(CH3)3. The laser wavelength dependence of this method was evaluated using 1064nm and 266nm laser outputs. 
Fig.2 shows the laser breakdown mass spectra employing different wavelengths. The fragment ion signals easily 
become noise signals for the detection of target atoms such as Cd, Cr, Hg, As and so on. In this method the 
interference of fragment ion signals with target atomic ion signals becomes important parameter. 
Lots of fragment ion signals from hydrocarbons appear using 266nm breakdown, as shown in Fig.2(a). Laser 
breakdown time-of-flight mass spectrometry with wavelength 266nm can produce fragmentation, especially for large 
fragile molecules which will be dissociated and ionized using a 266nm laser output. On the other hand, it was found 
that the mass spectra of atoms were detected using the 1064nm laser breakdown process without intermediate 
fragment signals, especially in the mass region of 30-300m/z, as shown in Fig.2(b). This feature is important to detect 
atomic signals of the measured materials without the interference of fragmentations. Fig.2(c) displays the mass 
spectrum of hydrocarbons with high resolution using 1064nm breakdown, which shows very distinct atomic ion 
signals, such as Cl, without any interference. 
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Fig.2. Laser breakdown mass spectra of hydrocarbons(mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and C6H3(CH3)3) using 
different wavelengths (a) 266nm breakdown; (b) 1064nm breakdown; (c) 1064nm breakdown (high resolution). 
4.2. Measurement of breakdown ion signals from several hydrocarbons using 1064nm breakdown 
According to the above results, the method of laser breakdown time-of-flight mass spectrometry using wavelength 
1064nm was applied to measure C2H4, C2H6, C3H8, n-C4H10 and p-C8H10 respectively under the condition of laser 
power 800mJ/p and pressure 0.1Pa. Fig.3 shows the different breakdown patterns of these hydrocarbons including 
chain hydrocarbons with concentration at 50ppm from Fig.3(a) to Fig.3(d), and cyclic hydrocarbon with concentration 
at 10ppm in Fig.3(e). Each hydrocarbon shows its characteristic mass spectrum and it becomes possible to distinguish 
each hydrocarbon by the breakdown mass spectra. 
In addition, the breakdown characteristics of these molecules were taken for the quantitative analysis. Fig.4 shows 
the comparison between H and C atomic ratio of breakdown ion signals and molecular H and C element ratio of 
different hydrocarbons. The ratios of H to C in p-C8H10, C2H4, n-C4H10, C3H8 and C2H6 molecules are 1.25, 2, 2.5, 
2.67 and 3 respectively. In TOFMS system, an ion detector records the signals of ionized species and ion counter takes 
over to digitize and display the results by counting the number of different ions. According to the laser breakdown 
mass spectra of these hydrocarbons shown in Fig.3, the number of H and C ions including atoms contained in 
fragments, such as CH, CH3 and so on, was totalized to acquire H and C ratio. It is found a linear relation between the 
element ratio in molecules and breakdown ion signals. These findings indicate the breakdown characteristics of 
quantitative detection capability of different hydrocarbons employing the method of laser breakdown time-of-flight 
mass spectrometry using 1064nm.     
According to the totalized number of H and C ions, H and C yields of breakdown ion signals of these hydrocarbons 
were compared to p-C8H10. H and C yields were calculated by the number of H and C atoms including atoms 
contained in fragments divided by each hydrocarbon H and C contents (i.e. :p-C8H10 :C=8, H=10). Table 1 presents the 
measured results. As for the cyclic hydrocarbon p-C8H10, it was easy to break down compared to the chain 
hydrocarbons of C2H4, n-C4H10, C3H8 and C2H6. This result is understandable because of weaker chemical bonds 
compered to chain hydrocarbons. Among the chain hydrocarbons, the yield of H and C is higher in larger 
hydrocarbons.  
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Fig.3. Laser breakdown mass spectra of several hydrocarbons (a) C2H4; (b) C2H6; (c) C3H8; (d) n-C4H10; (e) p-C8H10.
Fig.4. Comparison between H and C ratio of breakdown ion signals and molecular H and C element ratio.
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 Table 1. H and C yields of breakdown ion signals. 
Molecule Molecular weight  
H and C 
element ratio 
H yield of breakdown 
ion signals compared to 
p-C8H10 
C yield of breakdown 
ion signals compared to 
p-C8H10 
p-C8H10 106㩷 1.25 1 1 
C2H4 28㩷 2 0.08 0.10 
n-C4H10 58㩷 2.5 0.69 0.81 
C3H8 44㩷 2.67 0.43 0.45 
C2H6 30㩷 3 0.23 0.21 
4.3 Laser power and pressure dependences using 1064nm breakdown 
p-C8H10 was measured under different laser power and pressure conditions to examine the detailed breakdown 
characteristics using wavelength 1064nm. Fig.5 shows the laser power dependence of breakdown C and H ion signal 
intensity at pressure 0.55Pa. When increasing the laser power, the signal intensity of C and H ions presents a linear 
growth. In the process of laser breakdown, the molecules were broken down and then ionized. Laser with higher 
power can break down much more molecules leading to the increase of number density of ions. The signal intensity 
was enhanced by increasing the laser power. Considering the linear dependence of ion signals on laser power, the ion 
generation process depends on the breakdown process of hydrocarbons rather than the simple multiphoton ionization 
which usually shows the power-law of laser power. 
Fig.6 shows the dependence of breakdown C and H ion signal intensity on pressure in the test chamber employing 
the laser power 730mJ/p. The pressure increased with an increase in signal intensity of C and H ions displaying a 
nonlinear growth. These results suggest that there are other factors besides the direct laser-molecule interaction which 
influence the relation between pressure and the number density of ions. One possible explanation for this is that the 
excited electrons with high energy break and ionize the molecules or radicals simultaneously. Associative effect of 
pressure and excited electrons leaded to the nonlinear variation. It is demonstrated that the signal intensity will be 
enhanced at high pressure. 
4.4 Concentration dependence using 1064nm breakdown 
Diluent gas N2 was added to detect the concentration dependence of hydrocarbons using 1064nm breakdown. Fig.7
shows the relation of the C and H signals on their parent hydrocarbon concentration. The hydrocarbon p-C8H10 was 
measured with laser power 730mJ/p and at pressure 0.57Pa. The measurement results of C, H, CH and C2 are shown 
from Fig.7(a) to Fig.7(d). The hydrocarbons, the mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and 
C6H3(CH3)3 were also measured with laser power 500mJ/p and at pressure 0.31Pa. Fig.7(e) shows the concentration 
dependence of Cl ion signals in the mixture. Signal intensities of C, H, and Cl were directly proportional to the 
concentration of their parent hydrocarbons. In this condition, the detection limit is in the range of ppb. According to 
the results of power dependence and pressure dependence, this detection limit will be enhanced considerably when 
increasing the laser power and pressure. 
 
  
Fig.5. Dependence of breakdown signal intensity on laser power (a) C ion signal (p-C8H10); (b) H ion signal (p-C8H10). 
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Fig.6. Dependence of breakdown signal intensity on pressure (a) C ion signal (p-C8H10); (b) H ion signal (p-C8H10).
Fig.7. Dependence of breakdown signal intensity on concentration (a) C ion intensity (p-C8H10); (b) H ion intensity (p-C8H10); (c) CH ion intensity
(p-C8H10); (d) C2 ion intensity (p-C8H10); (e) Cl ion intensity (mixture of p-C7H6Cl2, C7H8, C6H5C2H3, p-C8H10, p-C6H4(C2H5)2 and 
C6H3(CH3)3).
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5. Conclusions 
Laser breakdown time-of-flight mass spectrometry (TOFMS) method was developed and applied to hydrocarbons 
to detect the elemental composition of gas phase materials. This method features rapid detection without complex 
sample preparation compared to conventional method, as well as the better detection limit compared to laser induced 
breakdown spectroscopy (LIBS). 
(1) Measurement results employing 1064nm breakdown shows better characteristics to detect atomic ion signals 
without interference of fragmentation compared to the laser breakdown process using 266nm.  
(2) Different breakdown patterns of several hydrocarbons were measured for the detection of H and C contents. It is 
found that a linear relation between element ratio of H to C in molecules and breakdown ion signals. The yields 
of H and C ions were highly consistent with the structure of these molecules. 
(3) The influence of laser power on signal intensity shows the linear growth when increasing the laser power. The 
signal intensity was also correlated with the pressure in test chamber. Because of the combination influence of 
laser radiation and produced electrons, the signal intensity presents a nonlinear growth. 
(4) According to the concentration dependence of H, C, and Cl signal intensity, their ion signals show the linear 
relation to their parent hydrocarbons. The detection limit is in the range of ppb and will be enhanced under 
increased laser power and pressure condition. 
It is demonstrated the method is significantly desirable to measure the elemental composition of gas phase 
materials. Further study will apply this method to these practical applications, such as environmental and power plants 
monitoring systems. 
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